atrial rate and increase the force of contraction 1. The effect of cold on vagal action at the heart was studied in sheep, dogs and an isolated guinea pig atrial preparation.
[e.g. 1-61. The durations of the action potential and of contraction are increased, and diastolic depolarization is decreased, as is the rate of rise of the action potential [5, 7] .
Transient slowing of the heart rate in the cold, during cardiac output measurements by thermodilution techniques, has also been observed and this has been shown to be temperature dependent. The effect has been attributed to a direct action of cold on the pacemaker cells [8, 9] .
The phenomena described in the present paper were first observed by chance in two independent studies. In the first, effects were seen during cardiac output measurements made in sheep by thermodilution techniques and the results were similar to those mentioned above. The second observation was made in isolated atrial preparations when vagal action on the heart was studied during cooling. These observations are reported here, together with results of a systematic study carried out in intact anaesthetized dogs on the actions of cold on cardiac vagal action.
Methods

Cardiac output measurements: sheep
Cardiac output measurements, by the thermodilution technique, were carried out on 12 chronically catheterized, unanaesthetized sheep in the course of another series of experiments. Bolus, intravenous injections of 10 ml of saline (0.15 mol of NaC1/1) at room temperature (20-22'C), or cold (4OC), were injected into the right atrium and the thermodilution curves were monitored. Systemic blood pressure was recorded from a femoral arterial cannula connected to a pressure transducer (Bell and Howell: 4-327-1) and a Devices M19 pen recorder. Cardiac output measurements were carried out at resting pressure or at the peak of a pressor response. The pressor response was evoked by intravenous infusion of phenylephrine (1 2-600 pg/min; Neosynephrine, Winthrop), vasopressin (1-2 units/min; Pitressin, Parke Davis) or a bolus injection of angiotensin I1
(5 pg; Hypertensin, Ciba). In four sheep propranolol (15 mg bolus followed by 0.5 mg/min infusion; Inderal, ICI) was given to block sympathetic 0-adrenergic effects. Heart rate was measured from the blood pressure records.
Vagal stimulation: guinea pig atria
Ten atrial/vagus nerve preparations [ 101 were studied. Guinea pigs were killed by cervical dislocation. The right vagus nerve was identified in the neck and dissected free to the heart. The heart with the vagus intact was placed in a cooled oxygenated Krebs' solution (g/l: NaCl 4.5, KCl 0.21, NaHC03 0.25, CaCl, 0.08, glucose 0.5). The ventricles were dissected away and the atria placed in a 25 ml organ bath at 34+ 1°C. Isometric tension and atrial rate, triggered from the tension recorder (with a Grass 7P4 tachograph), were recorded. The vagus was stimulated through a suction electrode containing Ag/AgCl electrodes, attached to an isolated square wave stimulator (Grass SD9). The vagus was stimulated supramaximally (usually four shocks, 300 ms apart; -3 V; 1 ms), every 10 s and the resultant effects on atrial rate and tension were recorded.
Vagal stimulation: dogs
Six mongrel dogs weighing 8-14 kg were anaesthetized with chloralose (60-100 mg/kg; aChloralose, Sigma) after thiopentone induction (15 mg/kg; Pentothal, Abbott). The trachea was cannulated and the dogs breathed spontaneously. The femoral artery was cannulated for measurement of blood pressure with a Statham P23Db transducer. Heart rate was recorded [beat by beat; triggered from the electrocardiogram (ECG)] with a Grass cardiotachometer. Pulse interval was also triggered, beat by beat, from the ECG after processing by a Neurolog pulse integrator (NL 600), period generator (NL 303), spike trigger (NL 200) and counter (NL 603). Heart rate, pulse interval, ECG and blood pressure were recorded on a Grass polygraph. The femoral vein was cannulated for further administration of anaesthetic.
Both cervical vagus nerves were cut. The right vagus was isolated and prepared for stimulation through platinum electrodes by an isolated square wave stimulator (Grass SD9). The vagus nerve was covered with paraffin oil to prevent drying. Sympathetic 0-adrenergic effects were blocked by using propranolol (1 mg/kg; Inderal, ICI;
[ 111). Deep body temperature was measured to the nearest 0.1"C with a temperature probe closed within the peritoneal cavity (Bosch thermotest 15.22). The animal was heated with lamps and cooled with ice packs to enable cardiac vagal action to be studied at temperatures of 35, 37, 39 and 41°C. The animal was stabilized under deep surgical anaesthesia at 35°C when this temperature was reached, and thereafter the range of temperatures under study was covered within 1 h. At each temperature the vagus was stimulated supramaximally (usually, 1 ms and -10-20 V) at various frequencies and the relationship between vagal frequency and pulse interval plotted for each temperature.
No results are included from series in which it was necessary to supplement the anaesthesia within the period of temperature variation.
Results
Sheep
It was observed by chance, in the course of other experiments on unanaesthetized sheep, that on some occasions when cardiac output was measured by the thermodilution technique, the injection of 10 ml of saline (0.15 mol of NaCl/l) (20-22°C) into the right atrium caused a pronounced fall in heart rate. This effect was transitory and heart rate returned to pre-injection levels within a few beats. The effect was seen in five of the nine animals given injections of saline at this temperature. Furthermore, in these five animals the intra-atrial injections of cold saline had no effect on heart rate until after arterial pressure had been raised by a pressor agent. The pressor agents used in the study were phenylephrine, angiotensin and vasopressin.
Injections of colder saline (10 ml at 4°C) were used in another three sheep. In all of these the injections evoked marked bradycardia, but again only after arterial pressure had been raised by a pressor agent.
Thus the effect was seen in eight of the 12 animals studied (four of these eight had sympathetic 0-adrenergic effects blocked by propranolol), and in these it appeared most reliably only after the blood pressure had been raised by 20-40 mmHg by infusions of pressor agents. In these circumstances it can be assumed that vagal tone would have been enhanced through the arterial baroreceptor reflex, which would account also ; the bottom panel shows the temperature ( T ) change measured in the pulmonary artery in response to a bolus injection of cold saline into the right atrium: this temperature change was used to calculate cardiac output. When the bolus of cold saline is injected at resting blood pressure levels no change in heart rate is seen (left panel). If blood pressure is first increased by intravenous infusion of phenylephrine (right panel) bradycardia is evoked when the bolus of cold saline is injected into the right atrium.
for the slower resting heart rates seen during these infusions. An example of the phenomenon is shown in Fig. 1 .
Guinea pig atria
The second chance observation reported here was made during studies on vagal action in the guinea pig atrial preparation.
Here intermittent, brief electrical stimulation of the vagus evoked a prompt, marked and reproducible bradycardia. When the Krebs' solution in the organ bath at 3 4 + 1°C was cooled by flushing the bath with Krebs' solution at a temperature closer to room temperature, several effects of cold were reliably seen. There was a spontaneous decrease in the control rate of beating and an increase in contractility. Ir. addition to these wellknown effects of cold on the heart the decrease in heart rate evoked by vagal stimulation was always markedly potentiated when the preparation was thus cooled. These effects of cold are illustrated in Fig. 2 . In the cold (approx. 30-33°C) the fall in heart rate induced by vagal stimulation was greater by at least 50% than the fall in the control rate of beating in all ten guinea pig preparations studied here.
Dogs
As in the guinea pig preparation, stimulation of the peripheral end of the vagus in the anaesthe- Records taken from an isolated, spontaneously beating guinea pig atrial preparation, in which one vagus nerve remains attached, are shown, The top panel shows beat by beat heart rate (HR), the middle panel shows isometric tension and the bottom panel shows the temperature ( T ) of the Krebs' solution in the organ bath. When the vagus nerve is stimulated electrically about every 10 s the heart slows. When the preparation is cooled by flushing it with Krebs' solution at room temperature the resting heart rate decreases a little (rate between each stimulus) and the bradycardia evoked by vagal stimulation is. potentiated. The isometric tension generated by the preparation is also increased. tized dog evokes a prompt and marked bradycardia, i.e. as the frequency of vagal stimulation is increased the pulse interval increases. This relationship between frequency of vagal stimulation and pulse interval is linear and the slope of the relation between the two can define the effectiveness of the vagus in slowing the heart [ 121. In the present study the linear relation between pulse interval and vagal frequency was obtained at the temperatures 35, 37, 39 and 41'C. In all six animals the vagus became more effective with cooling at prolonging the pulse interval.
An example of this, from one dog, is illustrated in Fig. 3(a) , where linear regression lines are fitted t o the set of data points obtained at each temperature studied. It can be seen that theoslope of this line is greatest at 35°C and least at 41 C, indicating that the vagus is more effective in slowing the heart at cooler temperatures. The effect of cold on the pulse interval, in the absence of vagal stimulation, is small in comparison with its effects during such stimulation. These points are clear also in Fig. 3(b) , where the same data are plotted as pulse interval against temperature, for various frequencies of vagal stimulation.
The linear regression lines drawn similarly for all six dogs at the four temperatures are shown in . 4loC .
( b )
Discussion
The work described here includes and elaborates upon the chance findings that cardiac vagal action is potentiated in the cold. This potentiation of vagal action causes much larger increase in pulse interval than the direct action of cold on the cardiac pacemaker; this is evident from the studies in the dogs and in the guinea pig atrial preparations here (e.g. Figs. 2 and 3 interval and vagal frequency at temperatures of or at the parasympathetic ganglion in the heart. the pacemaker could also-occur in response to Fig. 4 . The reduction in slope of these lines with cold. Possibly, the lifetime of channels opened increasing temperature was tested by analysis of by vagally liberated acetylcholine could be provariance, and found to be highly significant longed in the cold, leading to enhancement of the (P < 0.001).
acetylcholine effect [ 171. Certainly, we can say with confidence that the site of action of cold is localized to the peripheral end of the vagus from the results of the experiments on dogs and in the guinea pig atria reported here. However, as the parasympathetic ganglion lies close to the sinus node, pre-and post-ganglionic sites must be considered.
